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Abstract 
A heat flux distribution model was proposed based on Rayleigh curve for the contact area in 
cylindrical plunge grinding. In this paper, an embedded thermocouple which can be grind was used to 
measure the workpiece surface temperature. Based on the sequential algorithm, an inversed heat 
transfer method was built to calculate the heat flux by using the measured temperature. The results 
indicated that the heat source along the contact area is asymmetric and more conformed with Rayleigh 
curve by comparing to the other three typical heat flux models (quadratic curve, left-angled triangle 
and rectangular uniform). The ratio of the grinding heat transported to the workpiece in the grinding 
contact area is a critical factor for calculating grinding temperatures. The energy partition to the 
workpiece was obtained by the experimental grinding temperature and grinding force. The actions of 
the abrasive grains on the workpiece surface were reflected by the changes of the grinding temperature 
signals in high sampling rate. The real contact length can be deduced by the time interval that the 
temperature sparks appeared. The grinding force monitored by a dynamometer equipped on the rear 
center of the grinding machine. Finally, the prediction of workpiece surface temperature for 
cylindrical plunge grinding can be realized by using the energy partition to the workpiece, the real 
contact length, Rayleigh curve heat flux distribution model and the tangential grinding force. 
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1 Introduction 
Compared with other machining methods, grinding has been recognized as a finishing process to 
obtain high-precision parts. However, it also has a high energy consuming, which may cause a high 
grinding temperature and thus induced the thermal damage to the workpiece. Various kinds of thermal 
damage occurred when the temperature rise is too high. The workpiece dimensional accuracy is 
difficult to preserve for the thermal expansion and heat distortion. Moreover, the high temperature 
induced the residual stress at the machined surface. 
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To effectively control the thermal damage, it is necessary to understand the heat distribution in the 
grinding contact area. Based on Jaeger’s moving heat source model (Jaeger, 1942), in cylindrical 
grinding process, the heat flux induced from the grinding often assumed to distribute at contact area 
and moved along the surface of the workpiece. The heat source was used to consider as a constant 
value of a uniform band (Rowe, et al., 1995). A circular arc heat flux distribution model was 
developed for the high-efficiency deep grinding (Rowe & Jin, 2001). A scalene triangle heat flux 
distribution model (Kim, et al., 2004)high correlated with the measured and theoretical temperature 
profiles were obtained for creep feed grinding. Temperature results obtained by numerical simulations 
based on three different methods of defining the heat flux load distribution are compared to directly 
measured temperatures acquired using infrared camera measurement techniques (Mohamed, et al., 
2012). A quadratic curve heat flux was used to calculate the workpiece surface temperature along the 
grinding zone (Li, et al., 2011).  
Inverse heat transfer analysis was conducted by to derive the grinding heat flux distribution from 
the measured temperature signals (Kohli, et al., 1995). Different with the conventional inverse 
methods, the present work adopts the inverse matrix procedure proposed, in which the inverse 
procedure completes within a single matrix operation without iteration (Yang & Chen, 1998).  
It has been assumed that all of the energy generated by grinding process transformed into heat in 
the grinding contact area and then absorbed by the grinding wheel, the workpiece, grinding fluid and 
the grinding chips (Guo & Malkin, 1995). In order to calculate the heat flux conducted to the 
workpiece qw, it is necessary to specify the energy partition to the workpiece. The measurement results 
of the energy partition in shallow cut grinding of steels with conventional abrasive wheels was 
reported to range from about 60% to 85% (Malkin & Anderson, 1974). More studies have shown that 
the energy partition significantly depends on the type of grinding, fluid conditions and wheel 
composition. The creep feed grinding give extremely low energy partition to the workpiece of only 3-
7% with vitrified CBN wheels (Kohli, et al., 1995). The energy partition to the workpiece was studied 
and a simple calculation model estimating the maximum temperature of workpiece surface was 
proposed by Marinescu (Marinescu, et al., 2004)  .  
The workpiece and wheel deflection can produce a considerable change in the real length of the 
contact zone by as much as 100% increase of the geometrical contact length, and Rowe et al. (Rowe, 
et al., 1993) proposed the calculation formula of the actual arc length as shown in Eq. 1, in which the 
deformation of the contact area caused by the normal force was added. 
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normal grinding force. Rr is the roughness factor. The estimation of the actual contact length must be 
complemented by experimental work. Taking into account the geometry of the grinding process, the 
difficulties of direct measurement become obvious. Verkerk used a single pole thermocouple 
embedded in the workpiece surface to measure contact length (Verkerk & Pekelharing, 1975) . The 
following studies also used this classical method to measure the contact length in their researches 
(Lefebvre, et al., 2006) (Pombo, et al., 2011). . All the measured results showed that the real contact 
length in grinding was longer than the geometric contact length.  
From the above literature review, this study deals with the heat flux distribution and the workpiece 
surface temperature prediction in the cylindrical plunge grinding process by assuming a Rayleigh heat 
flux distribution in the contact area. The workpiece surface temperature and the grinding force in the 
cylindrical plunge grinding were used to establish the heat flux model. The verification of the 
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 Rayleigh heat flux distribution and the establishing of a prediction model for the workpiece surface 
temperature were carried out. 
2 Rayleigh Heat Flux Distribution Model  
2.1 Heat Flux Distribution  
The heat transfer in grinding can be converted into the heat conduction in two dimension, because 
the width of the grinding wheel bs is much larger than the grinding depth ap. To estimate the 
distribution of the heat flux qw along the grinding contact area, it is assumed the shape of the heat flux 
is similar to the undeformed chip thickness of cylindrical plunge grinding, as shown in Fig.1. 
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Figure 1: The contact area and the undeformed chip for the cylindrical plunge grinding 
For a real grinding contact length lr, qw(W/mm2) is defined as the heat flux transferred into the 
workpiece, as shown in Fig.2. 
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Figure 2: Rayleigh heat flux distribution model 
The Rayleigh curve distribution heat flux is also considered to be an infinite heat flux with the heat 
flux density q(xi) changing as a function of the position xi. Once the total heat flux to the workpiece is 
determined, the heat flux in the position xi is given by a Rayleigh curve as Eq. 2. 
 
 2( ) exp( )i i iq x ax bx    (2) 
 
where a and b are the coefficients of the Rayleigh curve. The total heat flux to the workpiece is 
defined as Eq. 3. 
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where coefficient m is a shape parameter which will influence the shape of the Rayleigh curve and 
affect the total heat flux to the workpiece. lr is the heat source length decided by the real contact arc 
length in the grinding contact area. 
The temperature of surface and subsurface of the grinding zone is calculated by Eq.4. 
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where u=-x, K0(x) is the modified Bessel equation of the second kind in zero order, λ is the thermal 
conductivity of the workpiece material, D is its thermal diffusivity, vw is the moving velocity of the 
heat flux equals to the workpiece velocity, and zi is the subsurface depth. If m is 3, 3.5 or 4, the 
percentage of heat flux in the Rayleigh curve, n, will be 95.02%, 96.98% and 98.17%, respectively. If 
zi=0, the temperature distribution of the surface of the grinding zone can be deducted as following: 
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In the cylindrical plunge grinding ( CBN wheel, Ti-6Al-4V), assumed with the same workpiece 
velocity 0.12 m/s, the grinding contact length 1.45mm and the heat flux to the workpiece 31.5W/mm, 
four heat source models, Rayleigh curve (m=3.5), quadratic curve, left-angled triangle and rectangular 
uniform, are used to predict the workpiece temperature as shown in Fig. 3(a). The workpiece 
temperatures estimated by all four heat source models are shown in Fig. 3(b).  
 
Figure 3: Heat source models for cylindrical plunge grinding. (a)Heat flux and (b) Surface temperature 
 
2.2 The Total Heat Flux 
The specific energy required for the cylindrical plunge grinding can be calculated by tangential 
grinding force per unit width measured from the experiments. The total heat flux qt can be calculated 
by Eq. 6: 
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where, Ft is the tangential grinding force per unit width, vs is the wheel surface speed, bs is the wheel 
width and lr is the real contact length. 
'
tq  (W/mm) was defined as the total heat flux per unit wheel width, 
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3 Experimental Setup  
The schematic of the experimental setup is shown in Fig.4. The experiments were carried out on a 
high-speed CNC cylindrical grinding machine (MGKS1332/H, China). A Vitrified CBN grinding 
wheel (WINTER, Switzerland) with 400mm in diameter and 22mm in width was used. The wheel was 
balanced to below 0.02 μm before experiments by using a dynamic balancing instrument (ModelSB-
4500) on the spindle. The workpiece used for this investigation was Ti-6Al-4V with Ø180mm in 
diameter and 20 mm in width. All the experiments are carried out under dry conditions. 
 
 
Figure 4: The workpiece surface temperature and the grinding force monitoring 
 
The surface temperature measurement is carried out for comparing the experimental temperature 
curves with the analytic results by Rayleigh curve heat flux distribution model. To obtain the 
workpiece surface temperature, the embedded thermocouples (Constantan and Iron) were used. The 
thermocouple and the DAQ system must have a wide bandwidth in order to measure the very short 
temperature flashes in grinding. Both wires of the thermocouple used in temperature measuring are 
about 100 μm in their original diameter. In order to control the response time of the thermocouple, 
both wires are flatted to 25-35 μm in thickness. The response time of the thermocouple for 
temperature measurement is controlled within 2 μs. The hot junction of the thermocouple can be 
formed at the workpiece surface while grinding. A high frequency data acquisition system allows the 
signal to be measured at the abrasive grain scale so that the activity of grains and the contact stability 
between the thermocouple and the wheels during grinding can be studied. The sampling device HR-
USB-T008 has 8 channels. The bandwidth of the amplifier is 30 kHz. The maximum sampling rate for 
each channel is 100 kHz. Therefore, the sampling rate is large enough for the response time. The 

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grinding force can be monitored by a dynamometer (Kistler 9347C, Switzerland), which is equipped 
in the rear center of the grinding machine. 
4 The Inversed Heat Flux  
The inversed method can be used for the determination of the heat flux. The linear relation 
between the heat flux and the workpiece temperature can be solved by the sequential algorithm of 
inverse heat transfer. The iterative process of calculation can be solved by using a standard Gauss-
Newton method developed with the software MATLAB (MA, USA). 
Fig.5 shows the result of the up grinding temperature measurement with the machining conditions 
as follows: the wheel speed vs is 60 m/s, the workpiece velocity vw is 0.1m/s and the depth of cut ap is 
5 μm/r. The thermal conductivity parameters of the wire and mica of thermocouple is different from 
that of the workpiece, so the workpiece surface temperature signals will be affected by the 
thermocouple. For the contact length is larger than the total width of the thermocouple, the overall 
trend of the temperature curves remained unchanged. More studies should be carried out for the 
thermocouple dimensions to acquire the temperature signals with more in line with the real surface 
temperature. The original signals and the filtering signals of one experimental are shown in Fig. 5. 
 
 
˄CBN, Ti6-Al-4V, vs=60 m/s, vw=0.1 m/s, ap=5 Pm/r˅ 
Figure 5: Example of temperature measured in the cylindrical plunge grinding  
The grinding temperatures acquired with different wheel speed (vs =30 m/s, 90 m/s, 120 m/s) under 
same grinding depth and feed rate (ap=17 Pm/r, vw=0.12 m/s) are shown in Fig. 6(a). The heat fluxes 
calculated by the experimental temperatures are presented in Fig. 6(b). 
 
 (a) (b)  
˄CBN, Ti-6Al-4V, vw=0.12 m/s, ap=17 Pm/r˅ 
Figure 6: The workpiece surface temperature and heat flux. (a)Temperature and (b) Heat flux 
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As show in Fig.7, it can be seen that the heat sources are in asymmetric distribution and the exit 
position of the heat source in the contact area was not zero. By comparing with the quadratic heat flux 
distribution model (symmetric) and the other models, Rayleigh heat flux distribution (asymmetric) can 
be found more similar to the desired temperature and heat flux distributions over the grinding surface 
in the cylindrical plunge grinding. 
 
 
˄CBN, Ti-6Al-4V, vs=120 m/s, vw=0.12 m/s, ap=17 Pm/r˅ 
Figure 7: Comparison of the experimental and theoretical heat flux  
 
5 Workpiece Temperature Prediction 
As shown in Fig. 8, based on the Rayleigh heat flux distribution model, energy partition to the 
workpiece, and the tangential grinding force, a workpiece surface temperature prediction model can be 
constructed. To calculate qw, it is necessary to specify the total heat flux in the grinding contact area 
and the energy partition to the workpiece. For the real contact length lr, temperature measurement 
experiments are carried out. 
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Figure 8: The prediction of the workpiece surface temperature 
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5.1 The Energy Partition to the Workpiece 
The fraction of the grinding heat transported into the workpiece is a critical factor for calculating 
the grinding temperatures. The energy partition depends on the grinding type, the wheel and 
workpiece materials, and the other processing conditions. The energy partition to the workpiece can be 
calculated by the flowchart shown in Fig.9 with experiments. 
 
Experiment
Grinding power
Workpiece surface 
temperature
Grinding force
Inversed heat flux 
to  the workpiece )Total heat flux
Rw
 
Figure 9: The energy partition to the workpiece 
 
The grinding wheel speed vs ranges from 30 to 120 m/s, the workpiece velocity vw ranges from 
0.12 to 0.48 m/s, and the grinding depth ap ranges from 17 to 33 μm/r. The workpiece surface 
temperature can be acquired together with the grinding force. The energy partition to the workpiece 
can be obtained by using the inverse heat transfer methods. The results of the energy partition to the 
workpiece are shown in Tab. 1. 
 
Table 1: The energy partition to the workpiece by experiments 
No. 
Wheel speed 
vs [m/s] 
Workpiece Velocity 
vw [m/s] 
Grinding depth 
ap [Pm/r] 
Energy partition  
to the workpiece 
Rw [%] 
1 30 0.12 17 45.38 
2 60 0.12 17 48.35 
3 90 0.12 17 51.67 
4 120 0.12 17 54.39 
5 60 0.06 33 65.93 
6 90 0.09 22 59.31 
7 120 0.24 17 49.83 
8 120 0.36 17 30.23 
9 120 0.48 17 25.76 
 
A multiple linear regression equation can be used for the relationship between the energy partition 
to the workpiece Rw and the wheel speed vs (m/s), workpiece velocity vw (mm/s), and grinding depth ap 
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(Pm/r). By solving this multiple linear regression equation with the experimental data, the regression 
equation of Rw can be established. The empirical equation of Rw for the certain CBN wheel and Ti-6Al-
4V workpiece can be deduced as Eq.8. 
 
 0.15 -0.30 0.1665
w s w pR v v a   (8) 
 
From Eq. 8, it can be seen that the effects of grinding wheel speed, workpiece velocity and 
grinding depth on the energy partition to the workpiece are different. The increase of grinding speed 
and grinding depth will cause the increase of heat partition to the workpiece. The increase of wheel 
speed will lead to the increase of grinding power, but with the constant material removal rate, more 
grinding heat will be generated and transferred into the workpiece. As for the grinding depth, the 
material removal amount of single abrasive grain will increase at the same time and more energy will 
be generated. While the workpiece velocity is a constant, the material removal increases the amount of 
the heat generated, and there is no other way to transfer the heat only by workpiece surface. But with 
the increase of the workpiece velocity, more heat will be taken away by the abrasive chips, more heat 
will transfer into the wheel, and the heat to the workpiece will be decreased. Therefore, it is a positive 
effect on reducing the energy partition to the workpiece by the increase of the workpiece velocity. 
5.2 The Real Contact Length 
It is known that the real contact length reflects the grinding forces and temperature generation. It is 
observed that the real contact length from temperature-time graphs is much greater than the geometric 
contact length. Fig.10 shows the temperature signals measured by the thermocouple sensor with the 
same up grinding parameters, where the wheel speed is 120 m/s, workpiece velocity is 0.12m/s and the 
grinding depth is 17 μm/r. Temperature sparks caused by the contact between the grinding wheel and 
the workpiece are measured with the sampling rate 30 kHz. It can be seen that the actions of the 
abrasive grains on the workpiece are reflected by the change of the grinding temperature with this high 
sampling rate. The theoretical contact length with the same grinding parameters can be calculated as 
1.45 mm. 
 
Figure 10:  The real contact length from measured temperature signals 
 
0 5 10 15 20 25 30 35 40
0
100
200
300
400
500
Time (ms)
G
ri
nd
in
g 
T
em
pe
ra
tu
re
 (
 q C
)
tr 
Heat ﬂux distribution model in the cylindrical grinding contact area Pang et al.
166
  
It can be seed that the temperature sparks appears in the time interval tr in Fig. 10. It is also 
indicated that tr is the contact time between the grinding wheel and the workpiece. The real contact 
length lr can be calculated by Eq. 9, 
 
 r r wl t v u   (9) 
 
By Eq. 9, the real contact length in Fig.10 is about 1.94mm, which is 1.34 times of the geometry 
one. The grinding temperatures of different grinding parameters were tested and the real contact length 
was calculated. Though with the same grinding parameters, the real contact length will be different 
from vary experiments. The actual grinding arc length is the average value of the 15-20 experiments 
results in the same grinding process parameters. In the comparison of the real and the geometry 
contact length, it was showed that the contact length ratio lr/lg was not a constant. 
A corresponding empirical equation can be derived to characterize the relationship between the 
real contact length lr and the wheel speed vs (m/s), the workpiece velocity vw (mm/s), and the grinding 
depth ap (mm/r) for this certain grinding contact area of CBN wheels and Ti-6Al-4V workpiece, as 
following Eq. 10, 
 
 0.0009 0.029 0.01361.61
r s w pl v v a
    (10)  
It was found that the real contact length is 1.5-2 times of the results of the traditional geometric 
calculation. The important influence of plastic deformation and thermal deformation on real contact 
area in cylindrical grinding is demonstrated, which provides the basis for the calculation of 
temperature distribution in the grinding zone. 
5.3 Results and Discussion 
The predicted results of workpiece surface temperature are shown in Tab. 2. The maximum 
prediction value of the workpiece surface ௣ܶ௠௔௫ by using the prediction model in Fig. 8.  ௪ܶ௠௔௫ is 
the maximum value of the experimental temperature and തܶ௪௠௔௫ is the mean maximum value of the 
experimental filtering temperature (multiple monitoring with same parameters). തܶ௪௠௔௫and ௣ܶ௠௔௫ 
show a good consistent in a scope of r10%. 
 
Table 2:  Workpiece surface temperature obtained from experiments and prediction 
No. 
vs vw ap 
'
tq  Rw 
'
w
q  lr Tpmax  w maxT  Tpmax/ w maxT  
[m/s] [mm/s] [μm] [W/mm] [%] [W/mm] [mm] [ºC] [ºC] [ºC] [%] 
1 60 100 5 36.81 39.04 14.37 1.502 342.9 451.0 330.1 103.86 
2 60 100 8 49.39 42.09 20.78 1.718 370.9 506.2 375.6 98.76 
3 60 150 5 54.89 34.57 18.97 1.517 330.8 480.3 353.6 93.54 
4 90 100 5 50.19 41.48 20.82 1.501 471.4 532.2 449.5 104.88 
5 90 100 8 53.76 44.72 24.04 1.717 483.1 598.2 451.2 107.06 
6 90 150 5 66.60 36.73 24.46 1.516 350.8 480.2 385.9 90.90 
7 120 100 5 47.79 43.31 20.70 1.500 444.5 610.1 410.3 108.34 
8 120 100 8 60.22 46.70 28.12 1.717 502.3 698.3 525.2 95.64 
9 120 150 5 56.57 38.35 21.70 1.515 378.3 589.3 412.5 91.71 
w maxT
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6 Conclusion 
Rayleigh curve heat flux distribution model was applied to estimate the workpiece surface 
temperature in the cylindrical plunge grinding. It can be seen that Rayleigh curve heat flux distribution 
model well coincided with the temperature measurement results obtained through the embedded 
thermocouple. Empirical equations of energy partition to the workpiece and the real contact length for 
the certain grinding contact area of CBN wheels and Ti-6Al-4V workpiece in cylindrical plunge 
grinding were derived based on the workpiece surface temperature and grinding force. The 
temperature prediction of the grinding contact area could be realized based on the above two 
regression equations, Rayleigh curve distributional heat flux model, and the grinding force monitoring. 
More attention should be paid to the accuracy of the temperature measurement.  
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